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Alcohol abuse and alcohol-induced liver disease (ALD) are a major public health problem both in the US and worldwide. ALD is probably the main cause of death among people with severe alcohol abuse and is responsible for about 3.8% of global mortality.\[[@ref1]\] An early manifestation of alcohol liver disease (ALD) is the presence of fatty liver (hepatic steatosis) that, with continued insult, can progress to alcoholic liver disease (ALD).

The spectrum of disease ranges from fatty liver (steatosis) to alcoholic steatohepatitis (ASH), hepatic fibrosis and cirrhosis.\[[@ref2][@ref3]\] Steatosis is an earliest stage of alcoholic liver disease and the most common alcohol-induced liver disorder. Steatosis is characterized, in part, by the excessive buildup of fat inside liver cells. This condition can be reversed, however, when the alcohol intake stops.\[[@ref4]\] ASH is defined by the presence of fatty liver, an inflammatory infiltrate (which mainly consists of polymorphonuclear leukocytes) and hepatocellular damage.\[[@ref5][@ref6]\] Patients with ASH can develop progressive fibrosis. In livers affected by ALD, the fibrotic tissue is typically located in pericentral and perisinusoidal areas, collagen deposits are evident and bridging fibrosis develops, which precedes the development of regeneration nodules and liver cirrhosis.\[[@ref7]\] Cirrhosis involves replacement of the normal hepatic parenchyma with extensive thick bands of fibrous tissue and regenerative nodules, which results in the clinical manifestations of portal hypertension and liver failure.\[[@ref8][@ref9]\] The prevalence of alcoholic liver disease is influenced by many factors, including genetic factors (e.g., predilection to alcohol abuse, sex) and environmental factors (e.g., availability of alcohol, social acceptability of alcohol use, concomitant hepatotoxic insults), which make this disease, difficult to define.\[[@ref10]\] In general, however, the risk of liver disease increases with the quantity and duration of an alcohol intake. Although necessary, excessive alcohol use is not sufficient to promote alcoholic liver disease. Only 1 in 5 heavy drinkers develops alcoholic hepatitis, and 1 in 4 develops cirrhosis.\[[@ref11]--[@ref13]\] The pathogenesis of ALD is multifactorial and includes several overlapping events. The "two-hit" hypothesis postulates that the steatotic liver is the first hit, and this steatotic liver is susceptible to secondary insults including a vulnerability to reactive oxygen species (ROS), gut-derived endotoxins, and adipocytokines such as, tumor necrosis factor (TNF-α) and other cytokines. All of these hits are widely believed to be major contributors to alcohol-induced liver injury and may compound an initial steatosis. An evolving concept that is gaining acceptance is that certain accumulated fatty acids are toxic to the liver. Thus, ethanol-elicited hepatic lipid accumulation, as well as that caused by dietary sources, has prompted renewed interest as a cornerstone of liver toxicity as it may not only initiate but enhance the progression of alcoholic liver disease.\[[@ref14]\] This review will discuss the factors that contribute to ethanol-induced steatosis.
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### General Mechanism for Alcohol-induced Fatty Acid Synthesis {#sec3-1}

The liver and, to a lesser extent, the gastrointestinal tract, are the main sites of alcohol metabolism. Within the liver, there are 2 main pathways of alcohol metabolism, alcohol dehydrogenase and cytochrome P-450 2E1 (CYP2E1). Alcohol dehydrogenase (ADH) is a hepatocyte cytosolic enzyme that converts alcohol to acetaldehyde. Acetaldehyde subsequently is metabolized to acetate via the mitochondrial enzyme acetaldehyde dehydrogenase (ALDH). Both steps are coupled to the reduction of NAD to NADH.\[[@ref15]--[@ref17]\] An increased NADH/NAD ratio has profound effects on the metabolism of carbohydrates and lipids. Gluconeogenesis is impaired and substrate flow through the citric acid cycle is diminished with acetyl-coA diverted towards ketogenesis and fatty acid synthesis. Together with the inhibition of mitochondrial fatty acid β-oxidation, this latter effect of the altered redox state contributes to the pathogenesis of fatty liver (steatosis).\[[@ref16][@ref18]\] This metabolic explanation for fatty liver has been a prevailing concept for many years, but it was not sufficient to explain the rapid formation of fatty liver after an acute ethanol administration. In addition, the degree of change in liver redox potential that occurs *in vivo* after chronic ethanol administration to rodents is significant but rather modest. Thus, the metabolic explanation for alcohol-induced fatty liver became insufficient to account for all changes that occurred in hepatic lipids after ethanol consumption. Later discoveries in cell signaling and characterization of specific transcription factors prompted investigations of causes that are operative in the pathophysiology of ethanol-induced steatosis.

### Updated Mechanisms in Ethanol-induced Hepatic Steatosis {#sec3-2}

The total amount of fat in the liver depends on fatty acid synthesis and its oxidation. As shown in [Figure 1](#F1){ref-type="fig"} the pathogenesis of alcoholic fatty liver is based upon the combination of an increased glycerolipid synthesis and decreased fatty acid oxidation in mitochondria. In addition to synthesis and oxidation, fatty acid export processes also influence the fat levels.

![Potential mechanisms underlying the alcoholic fatty liver. In liver, sterol regulatory element binding protein 1 is responsible for fatty acid synthesis and peroxisome proliferator activated receptor-α, AMPdependent protein kinase (AMPK) and adiponectin are responsible for fatty acid oxidation. Ethanol may influence the activity of PPAR-α, SREBP-1, and AMPK directly or through adiponectin and tumor necrosis factor-α. These effects activate the lipogenic pathways and inhibit fatty acid oxidation. Besides the fatty acid synthesis and oxidation, ethanol also alters lipid droplets (LD, the storage form of TG) metabolism in hepatocytes and very low-density lipoproteins secretion from liver. All these alterations contribute to alcohol-induced fatty liver](IJPharm-44-299-g001){#F1}

### Accelerated Synthesis {#sec3-3}

The enzymes involved in fatty acid synthesis are predominantly controlled by sterol regulatory element binding protein 1 (SREBP-1).\[[@ref19]\] Sterol regulatory element-binding proteins (SREBPs) are a family of transcription factors that regulate the enzymes responsible for the synthesis of cholesterol, fatty acids, and triglycerides in liver and other tissues. SREBPs are synthesized as precursors (\~125 kDa) bound to the endoplasmic reticulum and nuclear envelope. Upon an activation, SREBPs are released from the membrane into the nucleus as a mature protein (\~68 kDa) by a sequential 2-step cleavage process.\[[@ref20]\] Ethanol exposure has been shown to significantly increase the SREBP-regulated transcription via elevated levels of the mature SREBP-1 protein. Thus, ethanol increases the fatty acid synthesis through SREBP-1. The effect of ethanol on SREBP-1 appears to be mediated through its metabolism to acetaldehyde. Results from published work suggest that acetaldehyde can increase the synthesis of the mature SREBP-1 protein, which enhances hepatic lipogenesis and leads to the development of fatty liver \[[Figure 1](#F1){ref-type="fig"}\].\[[@ref21]\]

### Impaired Fatty Acid Oxidation {#sec3-4}

Oxidation of fatty acids occurs in 3 subcellular organelles, with β-oxidation confined to mitochondria and peroxisomes and cytochrome P450 4A (CYP4A)-catalyzed ω-oxidation occurring in the endoplasmic reticulum. Some of the key enzymes of these 3 fatty acid oxidation systems in liver are regulated by peroxisome proliferator-activated receptor-alpha (PPAR-α), adiponectin and adenosine monophosphate-activated protein kinase (AMPK).

Beta-oxidation is the major degradative pathway for fatty acid esters in humans, and this is regulated by carnitine palmitoyltransferase-1 (CPT-1), the carnitine concentration, and malonyl-CoA, which inhibits CPT-1.\[[@ref22]\] With the concomitant up-regulation of fatty acid biosynthesis by ethanol, the intracellular accumulation of intermediary products of fatty acid synthesis, such as malonyl-CoA, can negatively affect fatty acid transport into mitochondria and its oxidation by inhibiting CPT-1. Fatty acids, fatty acyl-CoAs, and several structurally different synthetic compounds, known as peroxisome proliferators, can activate PPAR-α, and thus regulate CPT-1 levels in the liver.\[[@ref22]\]

### PPAR-α in hepatic steatosis {#sec3-5}

Peroxisome proliferator-activated receptor-alpha (PPAR-α) is a member of the nuclear hormone receptor super family and functions as a lipid sensor in the liver. PPAR-α recognizes and responds to the influx of fatty acids by stimulating the transcription of PPAR-α-regulated genes, which are involved in oxidation, transport and export of free fatty acids. These include membrane transporters such as CPT-1, apolipoprotein genes, and several components of the mitochondrial and peroxisomal fatty acid β-oxidation pathways.\[[@ref23][@ref24]\] The PPAR-α regulated enzymes involved in fatty acid oxidation include acyl-CoA oxidase (AOX), 3-hydroxyacyl-CoA dehydrogenase, multifunctional β-oxidation protein (3-ketoacyl-CoA thiolase), acyl-CoA synthase, malonyl -CoA decarboxylase (MCD), CYP4A, and CPT-1. In addition, MCD, which controls the levels of malonyl-CoA, is positively regulated by PPAR-α.\[[@ref25]\]

The effect of alcohol on PPAR-α in alcoholic fatty liver has been investigated in cultured hepatocytes as well as in ethanol-fed rodents. Alcohol has shown to inhibit PPAR-α activity both *in vitro* and *in vivo* conditions.\[[@ref26][@ref27]\] Acetaldehyde, the metabolite of alcohol, is a key factor in the effect of alcohol on PPAR-α. It is possible that acetaldehyde, because of its ability to covalently bind proteins, can form adducts with the PPAR-α transcription complex, thereby preventing its ability to bind the promoter element(s).\[[@ref28][@ref29]\]

### Adiponectin in Alcohol Liver Disease {#sec3-6}

In addition to PPAR-α, hepatic lipid metabolism has been shown to be tightly regulated by adiponectin and adenosine monophosphate-activated protein kinase (AMPK). Adiponectin is an adipose-derived hormone with a variety of beneficial biological functions.\[[@ref30]\] Increasing evidence suggests that altered adiponectin production in adipose tissue and impaired expression of hepatic adiponectin receptors (AdipoRs) are associated with the development of alcoholic liver steatosis in several rodent models.\[[@ref31]\] It has been shown that the effect of adiponectin is largely mediated by an increase in fatty acid oxidation, associated with activation of AMPK and PPAR-α pathways and suppressing hepatic production of TNF-α.\[[@ref32][@ref33]\] It is well known that adiponectin and TNF-α regulate the mutual production and antagonize their biological effects on the target tissues. Although it is known that chronic ethanol consumption leads to increased circulating and local concentrations of TNF-α,\[[@ref34][@ref35]\] it remains unclear whether increased TNF-α resulting from ethanol feeding causes adiponectin reduction or whether suppression of adiponectin production by ethanol leads to TNF-α induction.

### Role of Adenosine Monophosphate-activated Protein Kinase {#sec3-7}

AMPK is known to act as a key metabolic "master switch" by phosphorylating the target enzymes involved in lipid metabolism in many tissues including the liver. This enzyme, a heterotrimeric protein, is, itself activated by AMP as well as by phosphorylation by liver kinase B-1.\[[@ref36]\] When AMP activates the AMPK, it down-regulates energy requiring pathways, generally lipid, RNA and protein synthesis. Conversely, AMPK activates ATP-generating catabolic pathways, such as fatty acid oxidation, the TCA cycle and glycolysis.\[[@ref37]\] It phosphorylates and inhibits enzymes involved in lipid metabolism such as, 3-hydroxy-3-methyl glutamate-CoA reductase and acetyl-CoA carboxylase (ACC).\[[@ref38]\] In addition to the direct regulation of the activity of the lipid metabolizing enzymes, AMPK also modulates SREBP-1 activity,\[[@ref39]\] which plays an important role in fatty acid synthesis.

Dephosphorylation of AMPK by protein phosphatase 2A (PP2A) causes AMPK inactivation. This PP2A can be activated by ceramide, which is known to be increased after ethanol administration.\[[@ref40]--[@ref42]\] Thus, ethanol increases the ceramide levels thus increasing PP2A activity, which in turn inhibits the AMPK activity and increases the fatty acid synthesis.

### Hepatic TGs: Export in VLDL and store in LDs {#sec3-8}

The increased synthesis of free fatty acids in the liver of alcoholics along with reduced ability of liver to oxidize these compounds can lead to increased synthesis of TG, the main storage form of fat in liver. Fatty acids, stored as TG, are then imported into very low-density lipoproteins (VLDL) particles, which are exported and transported in the serum to peripheral tissues. The amount of fat, that can be exported in VLDL, will depend on synthesis of the protein components, as well as the availability of TGs. Excess TGs are stored as lipid droplets (LDs) in the liver.\[[@ref43]\]

### Ethanol Impairs Secretion of Very Low-density Lipoproteins from Liver {#sec3-9}

Triacylglycerols are generally exported from the liver by VLDL particles. These are assembled through a complex process and made up of triglycerides, cholesterol, phosphatidylcholine, and apolipoproteins. These VLDLs are released into circulation for delivery to the various tissues (primarily muscle and adipose tissue) for storage or production of energy through oxidation. Inhibition of this process at any of several levels may result in accumulation of triglycerides in hepatocytes and consequently development of fatty liver. Indeed, *in vivo* studies\[[@ref44][@ref45]\] and *in vitro* studies,\[[@ref46]\] VLDL secretion has been shown to be impaired after ethanol administration. Alcohol may impair triglyceride export by inhibiting the synthesis of phosphatidylcholine (via inactivating phosphatidylethanolamine methyl transferase activity), which is an important component of VLDL formation.\[[@ref47]\] Another proposed mechanism for reduced VLDL secretion is inhibition of microtubular assembly by acetaldehyde produced during ethanol metabolism. This is supported by studies in which inhibition of alcohol dehydogenase prevented the alcohol-induced reduction of triacylglycerol.\[[@ref47]\] In addition, alcohol may impair transport by inhibiting apolipoprotein synthesis through inhibition of PPAR-α activity. Studies are required to understand the mechanisms which impair the formation, intracellular transport through the cytoskeleton, and secretion of VLDL.

### Impaired Lipid Droplet Metabolism {#sec3-10}

Organisms store lipid when they take in more energy that can be immediately used. This excess energy is packaged and stored for later use when the need for energy outstrips available nutrient supply. In mammals, excess lipid intracellularly is stored in structures, most commonly referred to as lipid droplets (LDs). LDs consist of a core of neutral lipids, surrounded by a monolayer of phospholipids with attached or embedded proteins. The LDs proteome contains structural proteins (e.g. proteins of the perilipin family), lipid-synthesis enzymes, lipases and membrane-trafficking proteins.\[[@ref48]--[@ref50]\] Under normal or fasting conditions, healthy hepatocytes will metabolize and degrade LDs by several mechanism that include the action of a series of associated lipases that directly metabolize stored lipids. Members of the perilipin (PAT) family of LD-associated proteins, including perilipin, adipophilin (ADRP) and TIP 47. These proteins regulate TG accumulation, either through promotion of processes that enhance TG synthesis and packing in LDs or by controlling TG lipolysis.\[[@ref51]--[@ref53]\] ADRP has been shown to be one of the major LD-associated proteins that can act to attenuate lipolysis.\[[@ref53]\] In animal studies, mice lacking ADRP have been shown to be protected against fatty liver disease\[[@ref54][@ref55]\] and that ethanol feeding in rats is found to enhance ADRP expression in association with hepatosteatosis.\[[@ref56]\] In our studies, hepatic cells treated with alcohol have showed an elevated LD accumulation and expression of the LD-associated protein, adipophilin.\[[@ref46]\] Considered together, these reports underline that the ethanol-amplified LD accumulation in hepatic cells involves impairments in the LD metabolism as a consequence of altered LD associated proteins.

Conclusion {#sec1-2}
==========

Alcoholic liver disease is associated with a state of hepatic fatty acid overload. In this review, we have summarized the accepted pathways for alcohol-induced hepatic steatosis. In summary, ethanol metabolism leads to excessive generation of reducing equivalents, thereby inhibiting fatty acid oxidation. Recent studies indicate that additional effects of ethanol impair fat oxidation as well as stimulate lipogenesis. The effects of ethanol on lipid metabolism result from inhibition of PPAR-α and stimulation of SREBP-1, resulting in metabolic remodeling of the liver toward a fat-storing, rather than fat oxidizing organ. These effects may, in turn, result from effects of ethanol on AMPK and adiponectin. Inhibition of AMPK by ethanol feeding results in an increase in SREBP-1 activity. As a result, target genes for SREBP-1 are up-regulated, contributing to an increased hepatic lipid synthesis and AMPK inhibition also results in decreased fatty acid oxidation. AMPK may also affect the activity of PPAR-α. Reduced PPAR-α activity will lead to reduced capacity for fatty acid oxidation. In addition to fatty acid synthesis and oxidation, ethanol also alters the LDs (TG storage form) metabolism in hepatocytes and inhibits the VLDL secretion from liver. All these reports help us to understand the intricacies of ethanol-induced fatty liver.
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